We present the analysis of linewidth roughness ͑LWR͒ in nanowire-mask-based graphene nanoribbons ͑GNRs͒ and evaluate its impact on the device performance. The data show that the LWR amplitude decreases with the GNR width, possibly due to the etching undercut near the edge of a nanowire-mask. We further discuss the large variation in GNR devices in the presence of LWR by analyzing the measured transport properties and on/off ratios.
In the past decades, the aggressive scaling of siliconbased technology has reached to the regime where intrinsic variation sources exert large impact on the device performance.
1,2 Among them, linewidth roughness ͑LWR͒ reflects the drastic process variation inherent from the channel materials, thus posing an intrinsic limit in nanoscale silicon-based devices. 3, 4 Graphene shows its potential in broad applications such as wafer-scale production of highspeed transistors. 5, 6 Graphene with a nanometer-sized width, graphene nanoribbon ͑GNR͒, features a transport-gap that favors device functionalities with the ease of switching on/off devices. 7, 8 However, LWR is usually unavoidable in reported GNRs due to the imperfection in fabrication processes. 7, 9, 10 Theoretical works suggest that LWR can increasingly affect the device performance as the GNR width ͑W͒ narrows down. [11] [12] [13] [14] It is thus both of fundamental interest and practical concern to explore the W-dependence of LWR in GNRs, and furthermore, evaluate its impact on the device variation. In this perspective, Yang and Murali 15 have reported the W-dependence of carrier mobilities in GNRs and suggested its origin from LWR. An experimental study with a direct analysis of LWR in GNRs is yet still lacking.
In this work, we present an experimental study of the LWR in GNRs fabricated by a nanowire-mask-based method. 16, 17 Unlike a lithography-based process which leads to a constant LWR of the linewidth, 3 here the LWR amplitude decreases with W, whose value can be less than 5 nm for W ϳ 30 nm. This W-dependence of LWR can relate to the etching undercut due to the circular cross-section of the nanowire-mask. We further discuss the large variation in GNR devices in the presence of LWR, through an analysis of the measured transport properties and on/off ratios. The large variation in as-made GNR devices can relate to LWR, however, other possible reasons can coexist due to the complexity of the edge defects in GNRs and their sensitivity to the environment ͑e.g., substrate͒. GNR devices are prepared by a similar nanowire-based method as before 16 ͓see Fig. 1͑a͔͒ : single-layer and bilayer GNRs ͑i.e., SLRs and BLRs, which are identified by Raman spectroscopy͒ were fabricated by etching graphene sheets using O 2 plasma with a mask defined by a Si nanowire. For all samples, the plasma power and duration is maintained at 40 W and 25-30 s, respectively. GNRs are then scanned by atomic force microscopy ͑AFM͒ to measure the averaged length/width ͑i.e., L/W͒ values ͑a typical error is ⌬W a͒ Electronic mail: guangyu@ee.ucla.edu. Ͻ 3 nm and ⌬L Ͻ 10 nm from multiple measurements͒. 17 Our LWR analysis is described as follows ͓steps ͑A͒-͑D͔͒: ͑A͒ AFM images were used to extract the edge profile of GNRs by an image-processing algorithm in MATLAB environment. 18, 19 A typical image resolution is below 1 nm for W ϳ 30-50 nm and 1-2 nm for W ϳ 50-80 nm. ͑B͒ We sample the width values ͑ϳ200-400 points͒ along the L-direction of GNR from the edge-profile image, 18 and smooth the data by averaging the nearest neighbors along the L-direction to reduce the image noise 19 ͓see the top panel in Fig. 1͑b͔͒ . ͑C͒ A normalized autocorrelation function, ͑⌳͒ϳ͚ i W͑l i ͒ ·W͑l i + ⌳͒ with ⌳ as the distance along the L-direction ͑l i is the location along the L-direction͒, is used to describe how the W values along the L-direction correlate with each other 3 ͓see the bottom panel in Fig. 1͑b͔͒ . ͑D͒ We define two parameters to quantify the LWR: ͑1͒ is the standard deviation of the sampled width values, which represents the root-mean-square LWR amplitude; ͑2͒ L c is the half-height length ͓i.e., ͑L c ͒ = 0.5͔ of the autocorrelation function, which describes the extent of correlation of the W values along the L-direction. 20 We repeat the LWR analysis for multiple images from the same GNR, having ⌬ / Ͻ 0.24 and ⌬L c / L c Ͻ 0.16, respectively ͑see Fig. S1 in Ref.
21͒. In addition, our LWR data ͓see Figs. 2͑a͒ and 2͑b͔͒ are consistent with those in the GNRs reported by Bai et al. 17 ͑also employed a nanowire-based method͒, suggesting the robustness of our analysis. Based on the LWR data from 13 SLRs and 5 BLRs, the smallest can be less than 5 nm near W ϳ 30 nm for SLRs ͓see Fig. 2͑a͔͒ .
We find that nearly linearly decreases as the averaged W decreases ͓ ϳ 0.15W, see Fig. 2͑a͔͒ , whereas L c ͑typi-cally 10-20 nm͒ does not show a clear trend with W ͓see Fig.  2͑b͔͒ ; both facts do not depend on the number of GNR layers. This W-dependence of in GNRs is in sharp contrast with that in traditional lithography-based technology, where is a constant of the linewidth. 3 Given the lack of existing theories on the LWR formation mechanism in GNRs, we propose that this -W relation can relate to the etching undercut due to the circular cross-section of the nanowire-mask ͓see Fig. 1͑a͔͒ . In nanowire-based method, the plasmaetching step unavoidably involves an etching undercut near the edge of the nanowire ͓see the left panel in Fig. 1͑a͔͒ . This fact is supported by a generally narrower as-made GNR than the nanowire-mask. 17 To generate a wider GNR, we usually use a wider nanowire-mask, leaving more space where the nanowire is not fully in contact with the graphene; this space can cause a larger etching undercut, thus resulting in a larger LWR amplitude ͑͒. We find that our Si nanowires generally have Ͻ 0.6 nm ͑much less than those in GNRs͒, while values have no clear dependence on the nanowire width ͑see Fig. S2 in Ref. 21͒; these facts suggest that the LWR of GNRs may not directly relate to the LWR of nanowires. On the other hand, the difference between the W-dependence of and L c in GNRs ͓see Figs. 2͑a͒ and 2͑b͔͒ suggests different etching rates along the W-direction ͑more related to ͒ and L-direction ͑more related to L c ͒, respectively. 3, 4, 19 The physics is not clear to us for now, though we suspect that it might be related to the anisotropic edge bonds near the GNR edge. 22 As a simplified case, if the edge profile of GNRs can be seen as a sum of multiple spatial sine functions along the L-direction ͑see To evaluate the device performance in the presence of LWR, we measured the G-V g curves of SLRs with different LWR values ͑Ref. 16͒ ͓shifted by V Dirac , which is the gate bias ͑V g ͒ with the minimum conductance in the G-V g curve͔. Here G is the dc conductance measured in the linear region by a four-terminal setup. To reduce the size-dependence, we chose the SLRs with a similar L value, and divided the measured conductance by W. The experiments were made on multiple devices and the data in Fig. 3͑a͒ come from two typical SLRs ͑see Fig. S4 in Ref. 21͒ .
Although some conductance plateaus appear at 77 K ͓not at 300 K ͑Ref. 16͔͒, Fig. 3͑a͒ shows that the G/W value has overall weak T-dependence, possibly due to the weak phonon scattering in SLRs. We find that the G/W value is typically lower in the SLR with a larger , which may relate to enhanced carrier scatterings by LWR ͑Ref. 11͒ ͑i.e., smaller transmission coefficients 23 ͒. Due to the complexity of the edge defects in GNRs and their sensitivity to the environment, [24] [25] [26] however, we cannot rule out other possible reasons that may affect the G/W values. For instance, the LWR in our GNRs has a typical scale of the order of 10 0 -10 1 nm; this size is much larger than other types of edge defects with an atomic scale ͑e.g., vacancies, adatoms, dislocations͒, 24, 25 which can also significantly affect the GNR transport 27 ͑i.e., these edge defects can also lead to the difference in the G/W values͒. Future work with wellcontrolled edge/substrate engineering is needed to further clarify the LWR effect on the GNR transport. 9, 28 We next present the on/off ratio of GNRs versus the averaged W at T = 300 K ͓see Fig. 3͑b͔͒ . 29 The on/off ratio is calculated as the ratio of the measured G at both on-and off-states ͑G on / G off ͒, defined at ͉V g −V Dirac ͉ = 30 V and V g =V Dirac , respectively. Here we only present the data from the electron-conduction side ͑V g −V Dirac =30 V͒ since the data from the hole-conduction side ͑V g −V Dirac = −30 V͒ give similar results. Figure 3͑b͒ shows that the G on / G off values in BLRs are overall lower than those in SLRs, possibly due to the screening effect and interlayer coupling in BLRs. 30 Moreover, we find a large variation in the W-dependence of G on / G off in SLRs with W ϳ 30-80 nm. For instance, the G on / G off value in SLRs can vary from 2.2 to 3.5 near W ϳ 40 nm with no clear dependence on their and L c values. This large variation in on/off ratios in GNRs in the presence of LWR is consistent with previous works; 11, 12, 14 however, it may not be fully attributed to LWR. In fact, a large variation is suggested to exist even in GNRs with the same probability of having the roughness along the edge ͑i.e., similar LWR͒; 11, 12 this fact can relate to the existence of atomicscale edge defects as discussed above. 24, 25 Hence, although LWR is one factor that can degrade the device performance ͑e.g., by lowering the G on / G off ratio 11,12 ͒, we cannot rule out other possible effects on the large variation in on/off ratios.
In summary, we present an experimental study of the LWR in GNRs fabricated by nanowire-mask-based method. In contrast to lithography-based silicon technology with a constant LWR of the linewidth, the LWR amplitude ͑͒ in GNRs is found to generally decrease with W, with values as low as 5 nm in SLRs for W ϳ 30 nm. This W-dependence of LWR can relate to the etching undercut due to the circular cross-section of the nanowire-mask. We further discuss the large variation in GNR devices in the presence of LWR, through an analysis of the measured on/off ratios and transport properties. The large variations in SLRs can relate to LWR, however, other possible reasons can coexist due to the complexity of the edge defects in GNRs and their sensitivity to the environment. This work may help understand the LWR properties in as-made GNRs and attract further work to evaluate its impact on device performance, both of which can provide insight on scalable graphene electronics. This work was in part supported by MARCO Focus Center on FENA. The work at the Molecular Foundry was supported by the U.S. Department of Energy under Contract No. DE-AC02-05CH11231. Carlos M. Torres, Jr., Jingwei Bai, and Jianshi Tang contributed equally to this work. FIG. 3 . ͑Color online͒ Transport properties and on/off ratios of nanowiremask-based GNR devices in the presence of LWR. ͑a͒ Four-terminal G-V g curves ͑shifted by V Dirac ͒ of two typical SLRs at both T = 300 and 77 K. To reduce the dimension effect, samples are chosen with a similar L value and the conductance is normalized by W. ͑b͒ The on/off ratios ͑G on / G off ͒ of as-made GNRs ͑both SLRs and BLRs, T = 300 K͒ vs the averaged width ͑W͒. Here the low-bias conductance ͑G on / G off ͒ at both on-and off-states are measured at V g −V Dirac = 30 V and V g =V Dirac , respectively. The values of and L c are labeled as ͑x/y͒: ͑ / L c ͒ ͑unit: nm͒. The guide to the eyes shows that the on/off ratios are generally lower in BLRs than those in SLRs.
